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LANGLEY LUNAR ORBITER ORBIT DETERMINATION RESULTS

By Jerome N. Engel

SUMMARY AND INTRODUCTION

This note presents the results of a study made to determine the

accuracy with which lunar orbits can be predicted. Data from the

Langley Lunar Orbiter were used to estimate trajectories similar to that

of the command module (CM) when it first reappears from behind the moon

and the lunar module (LM) immediately following insertion into a lunar

orbit. The results indicate that it is not difficult to determine lunar

orbits with a fair degree of accuracy. It was found that, for the

cases considered, solving for a 3-way bias often had an appreciable effect

on the deviations in position and velocity. This was particularly

noticeable after 20 minutes of tracking. It was also shown that too tight
a covariance matrix can increase the errors in the estimated orbit.

The results are based on actual Lunar Orbiter data obtained from

Langley Research Center (ref. 1). Although preliminary results have

been published in references l, 2, and 3, this note is intended to

present the detailed computations.

SYMBOLS

The symbols given below correspond to the symbols used in tables II

through VI and in the STEP printouts, tables VIII through XVII.

RAD, r

VEL, v

GAM, V

PSI,

RAS,

radius, ft

speed, fps

flight-path angle, deg

heading angle, deg (measured east

from north)

right ascension, deg

DEC, 6 declination, deg
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ALT, h

ROP,rp

SMA,a

ECC,e

INC, i

MM

ASN, Q

AOP,

TAN,

DR,

Dv, I vI

altitude, ft

radius of perigee, ft

semimaJor axis, ft

eccentricity , nd

inclination, deg

mean motion, deg/hr

longitude of the ascending node, deg

argument of perigee, deg

true anomaly, deg
!

[(Z_x)2 + (Z_f)2 + (Am)2] 2 , magnitude

of the vectoral difference in position, ft
!

+ + 2 , magnitude

of the vectoral difference in velocity,

fps

METHOD OF ANALYSIS

The data obtained from Langley Research Center consisted of a

reference trajectory based on two- and three-way Doppler data taken for

three revolutions of the Langley Lunar Orbiter. The orbit was redetermined

using short arcs of data. The resulting position and velocity vectors

were then compared with the standard trajectory. In addition to arc

length, the errors introduced to the start vector and its associated

weight (covariance matrix) were also varied.

Two periods of interest were considered for the study: one after

the vehicle's first reappearance from behind the moon to simulate the

CM orbit, and the other near the front of the moon to represent the LM

orbit after llft-off from the lunar surface and insertion into lunar

orbit. The CM was first acquired at the "side" of the moon 38 minutes

40 seconds after pericynthion; the IN was acquired near the front of

the moon with the start vector near the time of the first observation.

These conditions are shown in the sketch on the following page.



38 min 40 sec

CM ACO.UISITION-_- _PE
RICYNTHIO N

/ 0 \

ACQUI SITION-_"_d "
• 27.5 °

EARTH

A direct comparison of the corrected anchor vector and the standard

ephemeris wes possible. In order to compute the devlaitons at the start

and end of tracking it was necessary to prop.gate the initial state

deviation to the appropriate times by predicting forward twice, once with

each set of initial conditions• Initial unperturbed conditions for the

command and lunar module orbits were:

Command Module

Epoch: August 14, 1966;

16:31:52.013 hr:min:sec G.m•t.

X# km • • • • • • • • • • • • • • • • • • • • • • @ • • • •

_, km/s ..........................

..........................

28.179165

1786.8292

722 •03367

-1.7708667

O.197602

_, km/s .......................... -0.37465186

Declination, deg ..................... 25.396464

Longitude, deg ...................... 268.30375

Inclination, deg ..................... 12.22395



4

Lunar Module

Epoch: August 14, 1966

22 :19: 22.013 hr: min: sec G.m. t.

y, km . . . . . . . . . . . . . . . . . . . . . . . . • • •

_, km/s ..........................

 m/s ..........................

 m/s ..........................

Dec lination_ deg .....................

Longitude, deg . . ....................

Inc linat ion, deg .....................

1039.5717

-3190.4982

-1009.0001

0.8837271_

0.33821253

o.361o9416

25.396464

268.30375

12.223944

Tracking Stations

Station No. Station Name r, ft @c' deg k, deg

12 Goldstone 6371.878 35.117N 243.195

61 Madrid 6369.935 40.238N 355.751

41 Woomere 6372.613 31.212S 136.888

The command module was tracked by the Goldstone (2-way) and Madrid

(3-way) stations; the lunar module, by the stations at Woomers (3-way)

and Goldstone (2-way). Tracking data consisted of 2-way and 3-way

Doppler taken at a rate of one per minute• The Doppler weight used was
assumed to be 0.6 cps.

The differences between the standard and perturbed cases were

calculated st the beginning and end of tracking. Differences were

determined for seventeen elements that were thought to be of interest

and are given in tables II through VI. The errors involving position

(JAil), velocity radius (&r), speed (_v), and flight-path angle

(Ay) are plotted in figures 1 through 23 for the cases listed in table I.



RESULTS

Table VI contains the definition of symbols and constants used in
the standard CMand LMtrajectories. Tables VIII and IX contain the
standard CMorbits, and tables X through XIII present the CMcases 1
through 23. Table XIV contains the standard IM orbit, end tables XV
through XVII present IM cases 24 through 31.

It was found that lunar orbits can be determined without much
difficulty and with a fair degree of accuracy. Deviations in position
and velocity varied from approximately 0.12 to 2.5 n. ml. and about
1.0 to lO.O fps, respectively, for the CM. For the LM, these differences
varied from about 0.13 to 1.O n. ml., and 1.0 to 6.0 fps, respectively.

The effects of solving for the 3-way bias with a short data arc
can be seen by comparing cases 7 and 10. Both cases have identical
arc lenghts (10 minutes) but differ in the type of tracking. Case7
uses both 2- and 3-way Doppler while case lO uses only 2-way. _.e
results indicate only minor deviations between the two particular cases.

The groups composedof cases I through 6, 12 through 17, and 18
through 23 differ in the error in their state vectors (AS) and covariance
matrices (P), as shownin table I. The length and type of tracking are
identical for each group. Both the second (cases 12-17) and third (cases
18-23) groups have zero covariance matrices but differ radically in

the error in their state vectors (in group two, AS = O; in group three,

2_ = [3.5 ks; 3m/s] ). The results show almost identical deviations in

position and veloctiy. Comparing these results with those obtained from

group one (cases I-6) where P = (2 kin; 3m/s) end zhS = (0.6 kin; 2m/s,

3m/s, 3m/s on 3, @, _) shows that too tight s covarisnce matrix increased

the error in the estimated orbit.

Comparison of non-nominal LM cases 30 and 31 indicates the effects

of tight and loose covariance matrices on the position and velocity of

the LM. The loose covariance matrix shows the lesser error.



TABLEI.- LANGLEYLUNARORBITERCASES

(a) Nominal CMcases I - 6
P(x, y, z, _, _, _)a = (2, 2, 2 _m; 3, 3, 3 mlsec)

• •2_(x, y, z, x, y, z)b (0.6, 0.6, 0.6 km; 2, 3, 3 m/sec)

7

Case Tracking

1

2

3

4

5

6

i0 min, 2- and 3-way

20 min, 2-way; 18 min, 3-way

30 min, 2-way; 28 min_ 3-way

40 min, 2-way; 28 min, 3-way

60 min, 2-way; 28 min, 3-way

120 min, 2-way; 28 min, 3-way

(b) Non-nomlnal CM cases 7 - 11

P(x, y, z, x, y, _)a = (9, 9, 9 lug; 12, 12, 12 m/sec)

/kS(x, y, z, x, Y, _.)b = (15, 15, 15 kin; 12, 12, 12 m/sec)

Case Tracking

7

8

9

I0

nc

l0 min, 2- and 3-way

20 min, 2-way; 18 min, 3-way

60 min, 2-way; 28 min, 3-way

I0 mln, 2-way

I0 min, 2- and 3-way

auncertainty in each component associated with the start vector.

bperturbation to each component of the start vector.

CA 3-way bias was solved for this case•



TABLE I.- LANGLEY LUNAR ORBITER CASES - Continued

(c) Non-nominal CM cases 12 - 17

P(x, y, z, _, _, _)a 0

_s(x, y, z, _, _, _)b : 0

Case Tracking

12

13

14

15

16

17

lO mln, 2- and 3-way

20 min, 2-way; 18 mln, 3-way

30 min, 2-way; 28 min, 3-way

40 min, 2-way; 28 min, 3-way

60 mln, 2-way; 28 min, 3-way

120 min, 2-way; 28 min, 3-way

(d) Non-nominal CM cases 18 - 23

P(x, y, z, _, _, _)a: o

AS(x, y, z, x, y, _)b = (3.5, 3.5, 3.5 km; 3, 3, 3 m/sec)

Case Tracking

18

2O

21

22

23

lO min, 2- and 3-way

20 min, 2-way; 18 min, 3-way

30 mln, 2-way; 28 mln, 3-way

40 mln, 2-way; 28 min, 3-way

60 mln, 2-way; 28 mln, 3-way

120 min, 2-way; 28 min, 3-way

aUncertainty in each component associated with the start vector.

bperturbation to each component of the start vector.



TABLEI.- LANGLEYLUNARORBITERCASES- Concluded

(e) Nominal 1/4cases 24 - 29

P(x, y, z, x, y, z)a = (4, 4, 4 km; 6, 6, 6 mlsec)

AS(x, y, z, x, Y, _)b = (0.6, 0.6, 0.6 kin; 2, 2, 2 m/sec)

Case Tracking

24

25

26

27

28

29

9 min, 2- and 3-way

19 min, 2- and 3-way

76 min, 2-way; 69 min, 3-way

9 min, 2-way

19 min, 2-way

76 min, 2-way

c
(f) Non-nominal LM case 30

P(x, y, z, x, y, z)a = (9, 9, 9 kin; 12, 12, 12 m/sec)

AS(x, y, z, x, y, z)b = (15, 15, 15 km; 12, 12, 12 mlsec)

Case Tracking

30 9 min, 2- and 3-way

d
(g) Non-nominal LM case 31

P(x, y, z, x, y, _)a = (I00, i00, 100 km; 40, 40, 40 m/sec)

AS(x, y, z, i, Y, _)b = (15, 15, 15 km; 12, 12, 30 m/sec)

Case Tracking

31 9 min, 2- and 3-way

auncertainty in each component associated with the start vector.

bperturbation to each component of the start vector.

CTight covariance matrix.

dLoose covariance matrix.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS FOR JPL PROGRAM s

(a) Print Key

Column

Row

1 2 3 4 5 6

Group A

6

7

8

Group B 9

lO

11

12

13

i4

Group C I)

16

17

18

19

2O

1 GME J D RE

2 G A C OME

3 GMM GMS GMA GMB

h EGM MGM

5 C21 C31 C22 C32

C33 C43 S21 S31

$22 $32 $33 $43

J20 J30

INJECTION CONDITIONS

SELENOCENTRIC XO

CARTESIAN

TIME PAST INJECTION

GEOCENTRIC

Group D

H REM

B AU

GMV GMJ

JA RA

C41 C42

C44 S41

$42 $44

J40

TARGET JULIAN DATE MONTH, DAY, YEAR

Y0 ZO DX0 DYO DZ0

TO GHA GHO

JULIAN DATE MONTH, DAY, YEAR

EQUATORIAL COORDINATES

EPOCH PERICENTER PASSAGE

21 SMA ECC

22 VH C3

23 TA MTA

X Y Z DX

R DEC RA V

R LAT LON VE

XS YS ZS DXS

XM YM ZM DXM

XT YT ZT DXT

RS VS RM VM

GED ALT LOS RAS

DUT DT DR SHA

CCL MCL TCL

GEOCENTRIC CONIC

JULIAN DATE

B SLR

Cl TFP

EA MA

aTaken from references 4 and 9.

HR:MIN:SECI

HR:MIN:SEC

DY DZ

PTH AZ

PTE AZE

DYS DZS

DYM DZM

DYT DZT

RT VT

RAM L0M

DES DEM

MONTH, DAY, YEAR HR:MIN:SEC

APO RCA

TF PER

C3J TFI

ALL VECTORS REFERENCED TO EARTH EQUATOR PLANE
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS FOR JPL PROGRAM a - Continued

(s) Print Key - Continued

CDlumn

Row

l 2 3 _ 5 6

24 x Y

25 INC LAN

26 WX WY

Group E 27 QX QY

28 BX BY

29 DAP RAP

3O BTQ BRQ

HELIOCENTRIC

31 X Y

32 E LAT

33 XE YE

34 XT YT

35 LTE DOE

Group F 36 EPS ESP

37 MPS MSP

38 RPM SPN

39 GCE GCT

I_0 HEP VEP

SELENOCENTRIC

41 X Y

42 R DEC

Group G 43 R LAT

4h LTS LNS

45 ALT SHA

46 HGE SVL

Group H

Z DX DY DZ

APF MX MY MZ

WZ PX PY PZ

QZ EX RY RZ

BZ TX TY TZ

B THA

EQUATORIAL COORDINATES

Z DX DY DZ

DON V PTH AZ

ZE DXE DYE DZE

ZT DXT DYT DZT

LTr DOT RST VST

SEP EPM EMP MEP

SMP SEM EMS ESM

SIP CPT

CPE CPS

z DX

RA V

DON VP

LTE LNE

ALP DR

HNG SIA

SELENOCENTRIC CONIC

EPOCH OF PERICENTER PASSAGE

h7 SMA ECC

48 VH C3

49 TA MTA

50 ZAE ZAP

51 OP1 OY

JULIAN DATE

B SIR

C1 TFP

EA MA

ZAC DEF

OP2

SIN

EQUATORIAL COOPDINATES

DY DZ

PTH AZ

PTP AZP

DP ASD

MONTH, DAY, YEAR HR:MIN:SEC

APO RCA

TF LTF

C3J TFI

IR GP

aTsken from references h and 5.



TABLEVII.- TRAJECTORYPRINTKEY,DEFINITIONSANDCONSTANTSFORJPLPROGRAMa - Concluded

(a)PrintKey- Concluded

17

Column

Row

1 2 3 4 5 6

ALL VECTORS REFERENCED TO PRINCIPAL PLANE

52 X Y Z DX DY

53 INC LAN APF MX MY

54 WX WY WZ PX PY

55 QX Qy Qz RX RY

Group I 56 BX BY BZ TX TY

57 SXI SYI SZI DAI RAI

58 SXO SYO SZO DAO RAO

59 ETE ETS ETC

60 BT- BR- B THA

Group J 61 XOCTAL YOCTAL ZOCTAL XOCTAL YOCTAL ZOCTAL

62 YYMMDDDHH T_SSSSS SOCTAL

DZ

MZ

PZ

RZ

TZ

8
Taken from references 4 and 5-
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Row 1

Row 2

TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a

(b) Definition of symbols on print key

Group A

GME

J

H

D

RE

REM

G

A

B

C

OME

AU

Universal gravitational constant

times the mass of Earth, km3/sec 2

Coefficient of the second harmonic in

the Earth's potential function

Coefficient of the third harmonic in

the Earth's potential function

Coefficient of the fourth harmonic in

the Earth's potential function

Earth radius used in the potential

function, km

Conversion factor for converting

lunar ephemerides into km

Universal constant of gravitation,

km3/kg sec 2

Moments of inertia about principal

axis for the Moon, kg km 2

Sidereal rotation rate of the Earth,

deg/sec

Astronomical unit, km

aTaken from references 4 and 5.
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TABLEVII.- TRAJECTORYPRINTKEY,DEFINITIONSANDCONSTANTS
FORJPL PROGRAMa - Continued

Row3

Row4

(b) Definition of symbols on print key - continued

GMM

GMS

GMV

GMA

GMB

GMJ

EGM

MGM

JA

RA

Group A - Continued

Universal gravitational constant times
the mass of Moon, km3/sec2

Universal gravitational constant
times the mass of Sun, km3/sec2

Universal gravitational constant
times the mass of Venus, km3/sec2

Universal gravitational constant times
the mass of Mars, km3/sec2

Universal gravitational constant times
the msss of Esrth-Moon, km3/sec2

Universal gravitational constant times
the mass of Jupiter, km3/sec2

Universal gravitational constant
times the mass of Earth used for

scaling ephemeris_ Im3/sec 2

Universal gravitational constant

times the mass of Moon used for

scaling ephemeris, l_n3/sec R

Coefficient of second harmonic in Mars

potential function

Mars radius used in the potential

function

aTaken from references & and _.



2O

TABLEVII.- TRAJECTORYPRINTKEY, DEFINITIONSANDCONSTANTS
FORJPL PROGRAMa - Continued

(b) Definition of symbols on print key - continued

Group A - Concluded

Rows5, 6, 7, and 8 Lunar harmonics

Group B

Injection conditions are vernal equinox Cartesian coordinates in
a geocentric equatorial system. The principal direction X is the vernal
equinox direction of date, and the principal plane XY is the equatorial
plane of date. Z is along the direction of the Earth's spin axis of
date.

Row9 XO_ Cartesian componentsof the probe

YOI radius vector, kmZO

ox0}DY0

DZ0

Cartesian components of the probe

space-fixed velocity vector, km/sec

Row i0 TO Time of injection in seconds past

midnight of day before launch, sec

GHA HA of Greenwich at injection epoch,

deg

GH0 HA of Greenwich at midnight of day

before launch, deg

aTaken frcm references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Group C

Inertial position and velocity of the probe, Sun, Moon and target

body in a geocentric equatorial system. The principal direction X is
the vernal equinox direction of date, and the principal plane XY is

the equatorial plane of date. Z is along the direction of the Earth's

spin axis of date. Miscellaneous parameters are also included.

Row ll X _ Cartesian components of the probe

Y I radius vector, kmZ

DX1DY

DZ

Cartesian components of the probe

space-fixed velocity vector, km/sec

Rowl2 R Probe radius distance, km

DEC Probe declination angle, deg

RA

V

Probe right-ascension angle, deg

Probe space-fixed velocity, km/sec

PTH Pitch angle of the probe space-fixed

velocity vector with respect to the

local horizontal, deg

AZ Azimuth angle of the probe space-fixed

velocity vector measured East of

true North, deg

aTaken from references 4 and }.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS

FOR JPL PROGRAM a - Continued

Row 13

Row 14

Row 15

(b) Definition of symbols on print key - continued

R

LAT

LON

VE

PTE

AZE

xsIYS

ZS

DXS}

DYS
DZS_

YM

ZM

1DYM

DZM

Group C - Continued

Probe radius distance, km

Probe geocentric latitude, deg

Probe East longitude, deg

Probe Earth-fixed velocity, km/sec

Pitch angle of the probe Earth-

fixed velocity vector with respect

to the local horizontal, deg

Azimuth angle of the probe Earth-

fixed velocity vector measured

East of true North, deg

Cartesian components of the Sun

radius vector, km

Cartesian components of the Sun

space-fixed velocity vector, km/sec

Cartesian components of the Moon

radius vector, km

Cartesian components of the Moon

space-fixed velocity vector, km/sec

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

Row 16

Ro_ 17

Row 18

(b) Definition of symbols on print key - continued

x1YT

ZT

DXT }
DYT
DZT

VS

I:tN

VM

RT

V2

GED

ALT

IDS

R_

IDM

Group C - Continued

Cartesian components of the target

radius vector, km

Cartesian components of the target

space-fixed velocity vector, km/sec

Sun radius distance, km

Sun space-flxed velocity, km/sec

Moon radius distance, km

Moon space-fixed velocity, l_n/sec

Target radius distance, km

Target space-fixed velocity, km/sec

Geodetic latitude of the probe, deg

Altitude of the probe above the

Earth's surface, km

East longitude of the Sun in coordinate

system defined in Row 10, deg

Right ascension of the Sun, deg

Right ascension of the Moon, deg

East longitude of the Moon in

coordinate system defined in

Ro_ 13, deg

aTaken from references 4 and _.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM s - Continued

Row 19

Row 2O

Row 21

(b) Definition of symbols on print key - continued

Group C - Concluded

DUT Ephemeris time minus Universal Time,

sec

DT Adams-Moulton stop size, sec

DR Radial velocity of probe, km/sec

SHA Sun shadow parameter, km

DES Declination of the Sun, deg

DEM Declination of the Moon, deg

CCL Canopus - clock angle, deg

MCL Moon - clock angle, deg

TCL Target - clock angle, deg

Group D

General characteristics of the geocentric conic

SMA SemimaJor axis, km

ECC Eccentricity

B Magnitude of the impact parameter,

km

SLR Semilatus rectum, km

AP0 Apogee distance, km

RCA Magnitude of the closest approach

vector, l_n

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

Row 22

Row 23

(b) Definition of symbols on print key - continued

Group D - Concluded

VH Hyperbolic excess speed, km/sec

C3 Twice the energy (vls viva energy

integral, km2/sec 2)

C1 Angular momentum, km2/sec

TFP Time from pericenter passage, sec

TF Time from injection to pericenter

passage, hr

PER Period, mln

TA True anomaly, deg

MTA Maximum true anomaly, deg

EA Eccentric anomaly, deg

MA Mean anomaly, deg

C3J Earth-Moon Jacobl constant, km2/sec 2

TFI Time from injection, hr

Group E

Characteristics of the Earth conic in the geocentric

equatorial system described under Group B

aTaken from references 4 and 5-
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TABLEVII._ TRAJECTORYPRINTKEY,DEFINITIONSANDCONSTANTS
FORJPL PROGRAMa - Continued

Row24

Row 2_

Row 26

(b) Definition of symbols on print key - continued

X

Y

Z

DX

DY

DZ

INC

LAN

APF

MX

MY

MZ

WX

WY

WZ

PX

PY

PZ

Group E - Continued

Cartesian components of the probe

radius vector, km

Cartesian components of the probe

space-fixed velocity vector, km/sec

Inclination of the orbit plane to the

equatorial plane, deg

Longitude of the ascending node, deg

Argument of pericenter, deg

Components of a unit vector which

lies in the orbit plane and is nor-
mal to the radius vector R

M = w J

Components of a unit vector normal
to the conic

RXV
W-

IRxvl

Components of a unit vector in the

direction of perigee

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS

FOR JPL PROGRA-M a - Continued

Row 27

(b) Definition of symbols on print key - continued

QX

QY

QZ

EX

RY

RZ

Group E - Concluded

Components of a unit vector perpen-

dicular to the perigee direction,

vector P, and being in the orbit

plane Q = W X P

Components of the unit vector R**

Row 28

Row 29

Row 30

HX

BY

BZ

TX

TY

TZ

DAP

RAP

BTQ

BRQ

B

TEA

Comp___ents of the impact parameter
B, km

Components of the unit vector T

Declination of the asymptote, deg

Right ascension of the asymptote, deg

Projection of the impact parameters B

upon the vector T, km

Projection of the impact parameters B

upon the vector R, km

The magnitude of the impact parameter,
km

Angle between the parameter B and the

vector T measured clockwise from T, deg

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM _ - Continued

(b) Definition of symbols on print key - continued

Group F

Inertial position and velocity of the probe, Sun, Moon, and target

body in a heliocentric equatorial system. The principal direction X is

the vernal equinox direction of date and the principal plane XY is the

equatorial plane of date. Z is along the direction of the Earth's spin

axis of date. Miscellaneous parameters are also included.

Row 31

Row 32

X

Y

Z

DX

DY

DZ

R

LAT

LON

V

PTH

AZ

Cartesian components of the probe

radius vector, km

Cartesian components of the probe

space-fixed velocity vector, km/sec

Sun-probe radius distance, km

Probe celestial declination, deg

Probe celestial right ascension, deg

Probe space-fixed velocity, km/sec

Pitch angle of the probe space-flxed

velocity vector with respect to the

local horizontal, deg

Azimuth angle of the probe space-

fixed velocity vector measured East

of true North, deg

aTaken from references 4 and _.
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TABLE VII.. TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

Row 33

Row 34

Row 35

(b) Definition of symbols on print key - continued

XE

YE

ZE

DXE

DYE

DZE

XT

YT

ZT

DXT

DYT

DZT

LTE

L0E

LIT

LOT

RST

VST

Group F - Continued

Cartesian components of the Earth

radius vector, km

Cartesian components of the Earth

space-fixed velocity vector, km/sec

Cartesian components of the target

radius vector, km

Cartesian components of the target

space-fixed velocity vector, km/sec

Celestial latitude of the Earth, deg

Celestial longitude of the Earth, deg

Celestial latitude of the target, deg

Celestial longitude of the target,deg

Sun-target range, km

Sun-target velocity, km/sec

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS

FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Row 36

Row 37

Row 38

Row 39

EPS

ESP

SEP

EPM

EMP

MEP

MPS

MSP

SMP

SEM

EMS

ESM

RRM

$PN

GCE

GCT

SIP

CPT

SIN

Earth-probe-Sun angle, deg

Earth-Sun-probe angle, deg

Sun-Earth-probe angle, deg

Earth-probe-Moon angle, deg

Earth-Moon-probe angle, deg

Moon-Earth-probe angle, deg

Moon-probe-Sun angle, deg

Moon-Sun-probe angle, deg

Sun-Moon-probe angle, deg

Sun-Earth-Moon angle, deg

Earth-Moon-Sun angle, deg

Earth-Sun-Moon angle, deg

Probe-Moon Distance, km

Sun-probe, nearlimb of Earth angle, deg

Clock angle of Earth, deg

Clock angle of target, deg

Sun-probe, near limb of target angle,

deg

Canopus-probe-target angle, deg

Canopus-probe, near limb of target

angle, deg

aTsken from references h and 9.
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TABLE VII .- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Row 40 REP

VEP

CPE

CPS

Row 41, 42

Row 43, 44, 45

Group F - Concluded

Earth-probe distance, km

Velocity of the probe with respect

to the Earth, km/sec

Canopus-probe-Earth angle, deg

Canopus-probe-Sun angle, deg

Group G

Inertial position of probe in a selen-

ocentric equatorial system. The

principal direction X is the vernal

equinox direction of date and the

principal plan XY is the geocentric

equatorial plane of date. Z is along

the direction of the Earth's spin
axis of date.

Selenocentric-fixed spherical coordi-

nates of the probe, Sun, and Earth in
a selenocentric equatorial system.

The principal direction X is in the
direction of the mean Moon-Earth line.

The principal plane XY is the mean

selenocentric equatorial plane. Z is

along the direction of the Moon's mean

spin axis. Miscellaneous parameters
are also included.

aTaken from references 4 and 5.
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TABLEVII.- TRAJECTOHYPRINTKEY, DEFINITIONSANDCONSTANTS
FORJPL PROGRAMa - Continued

(b) Definition of symbols on print key - continued

Group G - Continued

Row41 X

Y
Z

Cartesian componentsof the probe
radius vector, km

DX

DY

DZ

Cartesian componentsof the probe
velocity vector, km/sec

Row R Probe radius distance, km

DEC Probe declination angle, deg

RA

V

Probe right-ascension angle, deg

Probe space-fixed velocity, km/sec

PTH Pitch angle of the probe space-fixed
velocity vector with respect to the
local horizontal, deg

AZ Azimuth angle of the probe space-
fixed velocity vector measuredEast
of true North, deg

Row43 R Probe radius distance, km

LAT Probe selenocentric latitude, deg

L0N

VP

Probe selenocentric East longitude, deg

Probe selenocentric-fixed velocity, km/sec

Pitch angle of the probe selenocentric-
fixed velocity vector with respect to
the local horizontal, deg

AZP Azimuth angle of the probe selenocentric
fixed velocity vector measuredEast
of the Moon's meanspin axis, deg

aTaken from references 4 and 5.
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TABLEVII.- TRAJECTORYPRINTKEY,DEFINITIONSANDCONSTANTS
FORJPL PROGRAMa - Continued

Row44

Row 45

Row 46

(b) Definition of symbols on print key - continued

Group G - Concluded

LTS

LNS

LTE

LNE

ALT

SHA

ALP

DR

DP

ASD

HGE

SVL

HNG

SIA

Selenocentric latitude of the Sun, deg

Selenocentric longitude of the Sun, deg
/

Selenocentrlc latitude of the Earth, deg

Selenocentric longitude of the Earth,

deg

Altitude of the probe above the Moon's

surface, km

Sun shadow parameter, km

Illuminated crescent orientation

viewing angle, deg

First time derivative of the probe

radius distance, km/sec

First time derivative of the probe

radius direction, deg/sec

Angular semldiameter of Moon as seen

from the probe, deg

Right ascension of Earth in probe

coordinate system, deg

Decllnstion of the Moon in probe co-

ordinate system, deg

Right ascension of the Moon in probe

coordinate system, deg

Earth-probe-Moon angle minus ASD, deg

aTaken from references 4 and 5.
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TABLE VII.- TRAJECTORY PRII_2 KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Group H

Characteristics of the selenocentrlc conic in the geocentric

equatorial system described under Group B, except centered at the Moon.

Row 47 SMA

ECC

B

SLR

APO

RCA

VH

c3

C1

TFP

TF

LTF

Row 48

SemlmaJor axis, km

Eccentricity

The magnitude of the impact para-

meter, km

Semilatus rectum, km

Apogee distance, km

Magnitude of the closest approach

vector, _un

Hyperbolic excess speed, Mn/sec

Twice the energy(vis viva energy

integral, km2/sec _)

Angular momentum, km2/sec

Time from pericenter passage, sec

Time from injection to pericenter

passage, hr

Linearized tlme-of-flight, hr

aTaken from references 4 and 5.
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Row 50

35

TABLE VII .- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS
FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Group H - Continued

TA

MTA

EA

MA

C3J

TFI

ZAE

ZAP

ZAC

DEF

IR

GP

True anomaly, deg

Maximum true anomaly, deg

Eccentric anomaly, deg

Mean anomaly, deg

Earth-Moon Jacobi constant, km2/sec 2

Time from injection, hr

Angle between the incoming asymptote
and the Moon-Earth vector, deg

Angle between the incoming asymptote

and the Moon-Sun vector, deg

Angle between the incoming asymptote
and the Moon-Canopus vector, deg

Angle between the incoming and outgoing
asymptotes, deg

Maximum B vector magnitude for lunar

impact, km

Angle between the incoming asymptote

and its projection on the lunar orbit

plane.

aTaken from references 4 and 5.
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TABLE VII,_ TRAJECTORY PRINT EEY_ DEFINITIONS AND CONSTANTS

FOR JPL PROGRAM a - Continued

(b) Definition of symbols on print key - continued

Row 51 0PI

Group H - Concluded

Spacecraft nominal terminal maneuver

first pitch turn, deg

0Y Spacecraft nominal terminal maneuver

yaw turn, deg

OF2 Spacecraft nominal terminal maneuver

second pitch turn, deg

Group I

Characteristics of the selenocentric conic in the specified

"principal plane" coordinate system

Row 5_ X

Y

Z

Cartesian components of the probe

radius vector, km

DX

DY

DZ

Cartesian components of the probe

space-fixed velocity vector, km/sec

Row 53 INC Inclination of the orbit plane to the

equatorial plane, deg

LAN Longitude of the ascending node, deg

APF Argument of pericenter, deg

MX

MY

MZ

aTaken from references 4 and 5.

Components of a unit vector which lies

in the orbit plane and is normal to

the radius vector R

M =w l
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TABLE VII.- TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS

FOR JPL PROGRAM a - Continued

Row 54

Row 55

Row 56

(b) Definition of symbols on print key - continued

WX

WY

WZ

o

PX

PY

PZ

QX

QY

QZ

EK

RY

RZ

SX

BY

BZ

TX

TY

TZ

Group I - Continued

Components of a unit vector normal
to the conic R X V

W=
IRx vl

Components of a unit vector in the

direction of perigee

Components of a unit vector perpendi-

cular to the perigee direction, vec-
tor Pj and being in the orbit plane
Q=WXP

Components of the unit vector R

Components of the impact parameter B_ km

Components of the unit vector T

aTaken from references 4 and _.
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TABLE VII.. TRAJECTORY PRINT KEY, DEFINITIONS AND CONSTANTS

FOR SPL PROGRAM a - Concluded

Row 57

Row 58

Row 59

(b) Definition of symbols on print key - concluded

SYI ISZI

DAI

Group I - Concluded

Components of the unit vector S I

along the direction of the incoming

asymptote

Declination of the outgoing asymptote, deg

RAI Right ascension of the incoming asymp-

tote, deg

SXO

SYO

SZO

Components of the unit vector So along

the direction of the outgoing asymp-

tote

DAO Declination of the outgoing asymp-

tote, deg

RAO Right ascension of the outgoing asymp-

tote, deg

ETE Angle between the T vector and the

projection of the Moon-Earth vector

on the R-T plane, deg

ETS Angle between the T vector and the

projection of the Moon-Sun vector on

the R-T plane, deg

ETC Angle between the T vector and the

projection of the Moon-Canopus vector

on the R-T plane, deg

aTaken from references 4 and 5.
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